Objective: To use transcranial magnetic stimulation (TMS) to investigate the hypothesis that sleep deprivation increases cortical excitability in people with epilepsy. Methods: We performed paired pulse TMS stimulation, using a number of interstimulus intervals (ISIs) on each hemisphere of 30 patients with untreated newly diagnosed epilepsy (15 idiopathic generalized epilepsy [IGE] and 15 focal epilepsy) and on the dominant hemisphere of 13 healthy control subjects, before and after sleep deprivation. Results: Both hemispheres in patients with IGE and the hemisphere ipsilateral to the EEG seizure focus in those with focal epilepsy showed an increase in cortical excitability following sleep deprivation at a number of ISIs. This change in excitability was most prominent in the patients with IGE. Although there were minor changes after sleep deprivation in control subjects and the contralateral hemisphere in the focal epilepsy group seen at the 250-millisecond ISI, it was less than in the other groups. Conclusions: Sleep deprivation increases cortical excitability in epilepsy; the pattern of change is syndrome dependent.
Sleep deprivation is a powerful activator of seizures in nearly all types of epilepsy. 1 Most studies also find sleep deprivation to be effective in provoking generalized and focal interictal discharges, particularly in patients with idiopathic generalized epilepsy (IGE), and have demonstrated the added utility of sleepdeprived EEG recordings even when routine EEG records contain sleep. [1] [2] [3] [4] [5] Exactly how sleep deprivation might activate epileptic regions remains unclear, but the effect has been attributed to an imbalance between neuronal excitation and inhibition. 6 Transcranial magnetic stimulation (TMS) is a means by which hypotheses regarding cortical excitability can be explored in vivo in humans. TMS is a safe, noninvasive, painless means of stimulating the human motor cortex; because it has both excitatory and inhibitory effects on central motor pathways, it is a useful tool to study the pathophysiology of a number of disorders including epilepsy. 7, 8 TMS has been used in a small number of studies to assess the effects of sleep deprivation on cortical excitability in normal individuals with conflicting results. 9,10 A recent report on the effect of sleep deprivation on patients with juvenile myoclonic epilepsy (JME) is the only study to date that included patients with epilepsy. They reported an increase in cortical excitability following sleep deprivation associated with an increase in paroxysmal activity. 11 In this study we assessed whether cortical excitability in drug-naïve patients with new-onset epilepsy is increased after sleep deprivation and whether this effect is different in patients with IGE and focal epilepsy.
Methods. Thirty-eight patients were recruited through the First Seizure Clinic, an acute referral service for patients who present with new-onset seizures. The results were obtained from 15 patients with IGE (8 women, mean age 32.3 years, range 16 to 59 years) and 15 patients with focal epilepsy (7 women, mean age 37.8 years, range 16 to 77 years). The remaining eight patients were excluded from the analysis either because sleep deprivation was inadequate or they failed to attend for the second TMS session. The diagnosis of epilepsy and its sub-syndromes was made by at least two experienced epileptologists on the basis of clinical history, imaging, and EEG findings. Only patients with a confirmed diagnosis of epileptic seizures and a normal neurologic examination were included. None of the patients was taking anticonvulsant medication. A diagnosis of IGE required at least one clinical seizure consistent with absences or epileptic myoclonus or specific generalized epileptiform EEG abnormalities. All 15 patients with IGE had had at least one generalized tonic-clonic seizure. For a diagnosis of focal epilepsy, it was required that the seizure symptomatology or the EEG showed either a left-or rightsided lateralization. Patients with bilateral foci or electroclinical features of localization to the motor strip were not included. Thirteen of the patients with focal epilepsy had experienced at least one secondarily generalized seizure. The remaining two had complex partial seizures only. All the patients in the seizure groups had experienced a seizure between 2 and 4 weeks prior to the TMS examination.
Subjects with seizures were compared with 13 healthy control subjects (6 women, mean age 39.2 years, range 21 to 73 years) without a history of seizures or other neurologic conditions. The study protocol was approved by the Austin Health Human Research Ethics Committee, and written informed consent was obtained from all individuals, including parental consent from those subjects under age 18.
EEG recording. All patients underwent two EEG recordings according to the established First Seizure Clinic protocol using the standard 10 -20 electrode system. Recordings were made on a Compumedics Limited Profusion Digital EEG System. The EEG recording session lasted at least 25 minutes, including hyperventilation and photic stimulation. In each record, epileptiform discharges were sought. Only definite spikes, sharp waves, and spike-wave discharges were considered epileptiform discharges. The EEGs were reviewed and reported by two independent epileptologists who were unaware of which patients were included in the study. The first EEG was postictal and was carried out 24 to 72 hours following the seizure. Patients with a strong clinical history of either focal or generalized seizure semiology were then referred for a sleep-deprived EEG and invited to participate in our study.
Rested and sleep-deprived conditions. The rested state was defined as the state following 3 successive nights of stable normal sleep schedules, including 7 to 9 hours of uninterrupted sleep, verified by sleep diaries. The sleep-deprived state was defined as a state of at least 20 hours of continuous wakefulness in the preceding 24 hours, without the aid of any stimulants such as caffeine. The subjects were instructed to write down the duration of any sleep they had during the sleep-deprived period. They were advised that if at any time they felt sleepy to set an alarm clock to go off every 15 minutes to ensure they remained awake.
Magnetic stimulation. TMS was performed on all subjects (patients and controls) on 2 separate days, 1 to 2 weeks apart, once in a well-rested state and the other after sleep deprivation on the same day as the sleep-deprived EEG. To avoid any hypothetical "order effect," the rested TMS study was performed before the sleep-deprived EEG in six of the patients with focal epilepsy, seven of the patients with IGE, and five of the control subjects. The sequence was reversed in the others. To avoid the hormonal effects on cortical excitability, all females in the child-bearing period had both testing sessions performed during the same phase of the menstrual cycle. 12 TMS was delivered to both hemispheres in 13 of the 15 patients with IGE and in all 15 focal epilepsy patients. Only the dominant hemisphere was stimulated in the remaining two IGE patients owing to intolerance of the procedure. In control subjects, TMS was delivered to the dominant motor cortex only as studies in normal subjects have demonstrated there is no difference in excitability comparing the two hemispheres. 13 During TMS, subjects sat in a comfortable, reclining chair. Surface electromyography (EMG) recording was made from the abductor pollicis brevis muscle. The stimulus was delivered to the contralateral cerebral hemisphere using the appropriate direction of coil current flow (anticlockwise for left cortical stimulation and clockwise for right cortical stimulation), using a flat circular 9-cmdiameter magnetic coil (14-cm external diameter) with the center of the coil positioned over the vertex. The coil was held in place by a support stand, and its position was checked regularly through each experiment. Intracortical excitability was studied by paired stimulation at various interstimulus intervals (ISIs) using a Bistim module to connect a pair of Magstim 200 magnetic stimulators (Magstim, Whitland, Dyfed, UK) to the coil. The experimental session lasted for 60 to 90 minutes and was carried out according to established protocols in the literature. [14] [15] [16] [17] The following parameters were recorded: 1) Motor threshold (MT), which was determined while the subject was at rest, verified by continuous visual and auditory EMG feedback. Stimulation was commenced at 30% of maximum output and was increased in 5% increments, until a motor-evoked potential (MEP) was established. One percent changes in intensity were then used to calculate the threshold value. MT was defined as the lowest level of stimulus intensity that produced an MEP in the target muscle at rest of peak-to-peak amplitude of Ͼ100 V on 50% or more of 10 trials. 18 2) Cortical recovery time, in which subjects were then stimulated at rest and at an intensity 20% above MT using paired stimuli at ISIs of 200, 250, and 300 milliseconds. At ISIs 1, 2, 5, 10, and 15 milliseconds, the first stimulus was given at 80% MT and the second stimulus 20% above MT. Ten stimuli at 20% above MT without a preconditioning stimulus were also given. A minimum interval of 15 seconds was kept between the delivery of each pair of stimuli. Stimuli were given at randomly selected ISIs until a total of 10 at each ISI was achieved. The long ISI recovery curve (ISI 200, 250, 300 milliseconds) was derived using the ratio of the mean peak-topeak amplitudes of the response to the second stimulus termed the test response (TR) and the first stimulus termed the conditioning response (CR) at each ISI measured as a percentage (TR/ CR%). In the case of the short ISI recovery curve (ISI 1, 2, 5, 10, 15 milliseconds), the ratio of the mean peak-to-peak amplitude of the response at each ISI following the conditioning stimulus given below MT (TR) was expressed as the percentage of the mean MEP when the test stimulus was given alone (MEP) to generate recovery curves for each subject (TR/MEP%).
Statistical analysis. In the IGE group, the results were subdivided according to hemisphere dominance assessed according to the Edinburgh Handedness Inventory. 19 Only one of the IGE patients and one of the control subjects were left handed. All the other subjects were right handed. In the focal epilepsy group, the results were analyzed according to the ipsilateral (hemisphere ipsilateral to the presumed seizure focus) and the contralateral hemisphere. This was based on EEG/clinical findings.
Student paired t test was used for analysis of intragroup differences in mean values for MT and recovery curve values at short and long ISIs and in the focal epilepsy, IGE, and control groups in rested and sleep-deprived states. Student unpaired t test was used for the same intergroup comparisons after sleep deprivation. The magnitude of change in excitability at each ISI following sleep deprivation was calculated using the values pre sleep deprivation (pre SD) and those following sleep deprivation (post SD) using the following formula: ([post SD -pre SD]/post SD) ϫ 100.
The effect size following sleep deprivation in each group was also calculated for each ISI, using the following formula: effect size ϭ (post SD group mean [IGE, ipsi focal, contra focal, or controls] Ϫ rested group mean [IGE, ipsi focal, contra focal, or controls])/SD of rested group mean (IGE, ipsi focal, contra focal, or controls). An effect size value of Ն0.2 was considered to represent a small, Ն0.5 to represent a moderate, and Ն0.8 to represent a large statistical and clinical difference between the two results. 20
Results. Electrographic and clinical features.
Definitive epileptiform discharges were seen in the postictal EEG records of 3 of 15 (20%) of the IGE and 4 of 15 (27%) of the focal epilepsy group. Nonspecific slowing or sharp waves were seen in 6 of 15 (40%) of the IGE and 7 of 15 (47%) of the focal epilepsy group. In the sleep-deprived recordings of the patients who did not have definite epileptiform discharges in the postictal EEG, epileptiform discharges were seen in 7 of 12 (58%) of IGE and 4 of 11 (36%) of the focal epilepsy groups. Based on the seizure semiology and EEG findings, 5 of the patients with IGE were diagnosed with JME and in the other 10 patients, no IGE subsyndrome could be specified. In the focal epilepsy group, 11 patients were diagnosed with temporal lobe epilepsy, 3 with frontal lobe epilepsy, and 1 with parietal lobe epilepsy. All the patients with focal epilepsy underwent neuroimaging; hippocampal asymmetry was detected in two. No other abnormalities were found.
MT. There were no intragroup or intergroup differences in MT either in or between the rested and sleepdeprived condition in any of the groups (table) .
Cortical recovery curves. Effects of sleep deprivation. There was an increase in cortical excitability following sleep deprivation noted in control subjects only at the 250millisecond ISI (p Ͻ 0.05). Whereas the difference was significant, the magnitude of this increase in excitability (19%) was less than the other groups. In the IGE group, there was a large and widespread increase in cortical excitability following sleep deprivation in both hemispheres at all ISIs (p Ͻ 0.01) except the 1-millisecond ISI. The magnitude of this change varied from 33 to 76% over the resting results and was maximal at an ISI of 250 milliseconds. There was no significant difference in the results compar-ing the two hemispheres. Following sleep deprivation in patients with focal epilepsy, the ipsilateral hemisphere demonstrated an increase in excitability compared with the resting results at ISIs 10, 200, 250, and 300 milliseconds (p Ͻ 0.01) and 5-millisecond ISI (p Ͻ 0.05). Whereas there was a trend toward an increase in excitability measures in the contralateral hemisphere, the difference was only significant at 250-millisecond ISI (p Ͻ 0.05). The magnitude of this increase was 10%, similar to controls, compared with a 69% increase at this ISI in the ipsilateral hemisphere. Comparison between the two hemispheres following sleep deprivation showed an increase in cortical excitability (p Ͻ 0.01) at all ISIs, except 1 milliseconds, in the ipsilateral hemisphere ( figure) .
Effects of type of epilepsy. The effect of sleep deprivation on cortical excitability was more marked in the IGE group, with effect sizes ranging from 0.6 to 1.9 in the IGE group compared with the ipsilateral hemisphere where effect sizes ranged from 0.4 to 1.1. In both groups the maximal effect was at the 250-milliseconds ISI. In the control group, effect size ranged between 0.3 and 0.5 and in the contralateral hemisphere of the focal group effect size ranged from 0.3 to 0.4. In both these groups, effect size was also maximal at 250-millisecond ISI.
The results after sleep deprivation in the IGE and focal epilepsy groups were then compared with the findings in sleep-deprived healthy control subjects. There was a widespread increase in cortical excitability in both hemispheres of the IGE group compared with controls, with differences at all ISIs except 1 millisecond (p Ͻ 0.01). In the focal group, the ipsilateral hemisphere demonstrated an increase in excitability when compared with controls, at 10, 15, 200, 250, and 300 milliseconds of ISI (p Ͻ 0.01) and the 2-and 5-millisecond ISIs (p Ͻ 0.05). There was no significant difference between the contralateral hemisphere and controls at any ISI.
Discussion. This study was designed to explore the effects of sleep deprivation on cortical excitability in patients with new-onset epilepsy, a setting that avoids the potential contaminating influence of anticonvulsant medication on the tested measures. It was also designed to determine whether this effect is different for focal and generalized epilepsy.
As expected, sleep deprivation increased the likelihood of epileptiform discharges on EEG in this cohort. This was especially so in the patients with IGE, where only three cases (20%) had diagnostic changes on the initial EEG but, with sleep deprivation, a further seven cases showed definitive discharges. The degree of this effect is similar to that in previous reports. [2] [3] [4] [5] Using TMS, we showed that sleep deprivation was associated with an increase in cortical excitability in both epilepsy groups. Although this effect was bilateral in the IGE group, it was restricted to the hemisphere containing the seizure focus in the focal epilepsy group. The contralateral hemisphere in this group behaved similarly to controls, thereby indicating a significant interhemispheric difference in cortical excitability between the ipsilateral (active) and contralateral (nonactive) hemispheres.
Changes in cortical excitability as measured by TMS may serve as a marker for relatively subtle changes in the physiologic state of the brain. 12 We observed increased cortical excitability in the early phase of the short ISI recovery curve, suggesting decreased intracortical inhibition following sleep deprivation in patients with epilepsy. Most pharmacologic and animal studies support the view that this early phase of the short ISI recovery curve (1 to 5 milliseconds) provides information on the ␥-aminobutyric acid A (GABA A )-mediated circuits in the motor cortex. [21] [22] [23] [24] There was also an increase in excitability in the later phase (10 and 15 milliseconds), possibly reflecting glutamate-mediated activation of excitatory interneuronal circuits. 17, 22, 23, 25, 26 Similar findings were reported in a group of patients with JME. 11 We found no effect of sleep deprivation on cortical excitability at short ISIs in control subjects, although minor but inconsistent effects have been reported by others. 9, 10 With use of the long ISI recovery curve, there was a marked increase in excitability between 200 and 300 milliseconds, peaking at 250 milliseconds in patients with IGE and the ipsilateral hemisphere of patients with focal epilepsy. This was also seen to a minor degree in controls and the contralateral hemisphere in focal epilepsy at the 250-millisecond ISI. As we have previously reported, an increase in excitability peaking at the 250-millisecond ISI is intriguing considering the characteristic 3-to 4-Hz discharge frequency in patients with IGE. 27 These changes may reflect reduced intracortical inhibition as the most likely mechanism for an increase in excitability at this ISI is reduced activity in GABA B -mediated circuits. 25, 28, 29 Dopaminergic pathways may also be involved, although fewer studies support this view. 15, 30, 31 As there was no change in MT observed between the resting and sleep-deprived states in any of the groups, it may be assumed that sleep deprivation has no effect on neuronal membrane excitability. A mild decrease in MT following sleep deprivation was reported in patients with JME, 11 and it is known that patients with JME are particularly sensitive to the effect of sleep deprivation. 32 This may explain the effect on MT observed in this patient cohort, whereas only one-third of the patients in our study were diagnosed with JME.
In the past there has been a disparity of opinions regarding the net effects of sleep deprivation on the epileptic brain. Many authors have concluded that there is an excitatory effect, but the evidence has been indirect, relying on deductions based on seizure frequency or EEG changes associated with sleep deprivation. [1] [2] [3] [4] [5] However, there are others who have been skeptical about this assertion. [33] [34] [35] Our study provides direct evidence that sleep deprivation has a net facilitative effect on the system of excitatory and inhibitory interneurons that are believed to regulate the excitability of corticospinal neurons. This effect, which is likely mediated by GABA and glutamate circuits, shows some syndrome specificity. Our study provides evidence that it only involves the ipsilateral motor cortex when that hemisphere is affected by a process causing epilepsy and it is more pronounced in IGE than focal epilepsy. It may be a key mechanism by which sleep deprivation provokes epileptiform discharges on EEG and increases the risk of seizures.
